Although morally acceptable in theory, preimplantation genetic diagnosis (PGD) for mitochondrial DNA (mtDNA) disorders raises several ethical questions in clinical practice. This paper discusses the major conditions for good clinical practice. Our starting point is that PGD for mtDNA mutations should as far as possible be embedded in a scientific research protocol. For every clinical application of PGD for mtDNA disorders, it is not only important to avoid a 'high risk of serious harm' to the future child, but also to consider to what extent it would be possible, desirable and proportional to try to reduce the health risks and minimize harm. The first issue we discuss is oocyte sampling, which may point out whether PGD is feasible for a specific couple. The second issue is whether one blastomere represents the genetic composition of the embryo as a whole -and how this could (or should) be investigated. The third issue regards the cutoff points below which embryos are considered to be eligible for transfer. We scrutinize how to determine these cutoff points and how to use these cutoff points in clinical practice -for example, when parents ask to take more or less risks. The fourth issue regards the number of cycles that can (or should) justifiably be carried out to find the best possible embryo. Fifth, we discuss whether follow-up studies should be conducted, particularly the genetic testing of children born after IVF/PGD. Finally, we offer the main information that is required to obtain a truly informed consent.
Introduction
When applying preimplantation genetic diagnosis (PGD) for mitochondrial DNA (mtDNA) disorders, interpretation of the test results may be difficult and it is conceivable that in some cycles only affected embryos are available for transfer. Instead of enabling parents to have a healthy child, PGD then may only contribute to a reduction of reproductive risk by selecting the embryos with the highest probability of leading to a healthy child. Earlier, 1,2 we discussed the pros and cons of PGD for mtDNA disorders, concluding that despite the drawbacks no convincing moral arguments exist to regard risk-reducing PGD as unacceptable. Nevertheless, several ethical questions arise when considering application in clinical practice. These specific ethical questions are generated by the characteristics of mtDNA genetics (such as heteroplasmy, which is a mixture of normal and mutant mtDNA, the level of which can differ among tissues). When a couple asks for PGD for a mtDNA mutation, is it morally justified to honor their request and to (experimentally) offer them PGD? Or is this still premature, taking into account the risks and uncertainties? After all, the reasonable welfare standard, which we consider to be the best way to take into account the welfare of the child, allows PGD for mtDNA mutations insofar, as there is no 'high risk of serious harm' to the future child. This standard entails the view that for assisted reproduction to be justified, the child to be must have a reasonable chance of an acceptable quality of life. 2 -4 What are the implications of this standard for determining the heteroplasmy levels (the cutoff points) below which embryos are considered to be eligible for transfer? Does sufficient knowledge exist about whether the analyzed cell(s) represents the entire embryo? And to what extent should one search for better embryos, for example by starting another cycle of in vitro fertilization (IVF)?
In this paper, we will examine the questions that may successively arise when PGD for mtDNA disorders is considered for application in clinical practice. The central question of this paper is: which moral requirements have to be met before applying PGD for mtDNA disorders in clinical practice? We will not offer a clear-cut recipe, but we aim to present the ingredients, the points to consider when offering PGD for mtDNA mutations.
Three further preliminary remarks should be made. Firstly, little experience exists with PGD for mtDNA mutations (thus far only two applications have been reported). 5, 6 Some considerations may therefore be to some extent speculative. This is unavoidable if one aims to practice ethics pro-actively and this is a reason why we discuss several scenarios. Secondly, we will in this paper only consider blastomere biopsy, as PGD on blastomeres currently has a higher efficiency and accuracy than the other approaches. 7, 8 Thirdly, if PGD would indeed be offered, good reasons exist to embed the first applications of PGD for mtDNA mutations in a scientific research protocol. This is the most efficient way to obtain systematic data and to increase knowledge in mtDNA genetics. A further advantage is that it guarantees that patients are sufficiently aware that they are enrolled in an experimental treatment. Obviously, the rarity of some mtDNA mutations may limit the feasibility of clinical trials. In such cases, efforts should be made to conduct (international) multi-centre trials. This paper is therefore restricted to the heteroplasmic mutations. The reliability of PGD for those mutations will depend on whether the specific mutation shows:
Three categories of mutations
2,9
1. a close correlation between the mutant load (that is, the ratio of mutant to normal mtDNA) and disease severity; 2. a uniform distribution of mutant mtDNA in all blastomeres; 3. no change in mutant load with time (both prenatally and postnatally).
We will in this paper refer to three categories of mutations. Category I regards stable mutations with a predictable outcome. These mutations fulfill the three criteria above. 10 -12 The main examples are the mutations m.8993T4G and m.8993T4C, leading to the neurodegenerative diseases NARP (Neurogenic muscle weakness, Ataxia, Retinis Pigmentosa) and Leigh syndrome. Both mutations have a strong genotype -phenotype correlation and show very little tissue-dependent or age-dependent variation in mutant load. 10 -12 For these mutations, in general, symptoms seem to occur above B50% mutant load and the frequency and severity increases with increasing mutant load. 10 Patients with severe NARP syndrome generally have mutant loads above 70 -80%, although some exceptions have been reported as well.
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Patients with severe Leigh syndrome generally have mutant loads above 80%. 10 Nevertheless, a twofold cautiousness is required. Firstly, cautiousness regarding the exact cutoff levels, as statistical variation of the mutation percentages is rarely supplied and depends highly on the technology used and the number of patients tested. Secondly, cautiousness regarding the interpretation of 'seriousness'. Although some general outlines may be given, what exactly constitutes 'serious symptoms' is something to be assessed case-by-case, depending on the specific circumstances. Although the m.8993T4C mutation (Leigh) is generally considered to be clinically milder than the m.8993T4G mutation (NARP) and the threshold for disease expression seems to be slightly higher, we discuss these mutations here together as the nucleotide 8993 mutations. We presume that also during embryonic and fetal development, tissue and time-dependent variation in mutant load is very limited. Above 80%, the child is very likely to be affected. There is a gray zone between 50 and 80% mutant load, especially for the m.8993T4G NARP mutation. 11, 13, 14 This zone is 'gray' in the sense that there is a chance of developing symptoms, but the frequency and seriousness are not exactly known, and in the sense that precise numbers are lacking because of technical variables. One may reasonably assume that an embryo with Ethical guidance for clinical practice A Bredenoord et al a mutant load below 50% is very likely to result in a healthy child. Category II are mutations, which are unstable in time with a non-uniform tissue distribution and with no reliable genotype -phenotype prediction on the basis of mutant load. They do not fulfill the criteria above. 9, 15 An example of this is the m.3243A4G mutation leading to MELAS, which is one of the most common mtDNA mutations. The clinical expression of this mutation is very variable, the classical presentation being the combination of mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes, whereas in other families only diabetes mellitus and deafness are found. However, not only interfamilial, but also intrafamilial, variation may be huge and is only partly related to mutation load. In general, symptoms may occur above 30% and the frequency and severity increases with increasing mutation load. 16 However, exceptions occur and prognostic predictions on the basis of mutation load are not reliable for individuals. 15 Category III contains mutations, which are private or family-specific point mutations and for which no additional information is available. Insufficient evidence exists to decide whether they fulfill the criteria mentioned and allow reliable PGD.
Feasibility and representativity
Feasibility: oocyte sampling? Oocyte sampling is an option to be considered to answer the question whether IVF and PGD will be feasible (that is, would have a fair chance of success) for a particular couple. After a superovulation cycle, all the oocytes of the woman (on average 10 -12 oocytes after ovulation induction) are taken and analyzed to assess the chance that eventually embryos with no or a low-mutant load are available. 17 For the 8993 mutations, an atypical (skewed) segregation of mutant load among the oocytes may be expected. 6, 18 This would be favorable, because this increases the chances of obtaining low or zero-mutant embryos (although the chance of obtaining high mutant load embryos will be increased as well). For the m.3243A4G mutation, a more continuous distribution of mutant load may be expected. 19 When it would become clear beforehand that the chance of obtaining oocytes with no or a very low-mutant load is negligible, there seems to be no use in starting an IVF/PGD procedure. For those ascribing high moral value to embryos, an advantage of oocyte sampling is that unnecessary creation and destruction of embryos is avoided. Another advantage is the (material and immaterial) costs that may be saved, as there will be no fertilization and further PGD analysis (and subsequently no complex decision making regarding which embryo to transfer). However, these advantages only apply for women with oocytes containing high mutant loads. A major disadvantage for women for whom PGD does seem to be feasible is that they have to undergo a novel cycle; their analyzed oocytes are lost and thus cannot be used to establish a pregnancy. Therefore, we propose to sidestep oocyte sampling and proceed directly to IVF and PGD.
Representativity: a uniform distribution? Before PGD can be considered for an mtDNA mutation, it is important to ascertain that the proportional levels of mutant to wild-type mtDNA quantified in the biopsied cell are representative of the levels in the embryo as a whole. Preclinical route In a preclinical route, embryos carrying an mtDNA mutation could be created and dissected to find out whether all blastomeres carry the same amount of mutant mtDNA. If it turns out to be the case, this can for the moment be taken as sufficient proof of blastomere representativity for the mutation in question. The only possibility to obtain embryos carrying a specific mtDNA mutation would be to create them by means of IVF. This requires donation of gametes from both a male and a female donor, whereby the oocyte donor should carry the mtDNA mutation in question. This leads, firstly, to an ethical assessment of oocyte donation for research purposes and, secondly, to an ethical assessment of creating embryos for research purposes. Given the burdens and risks of the procedure, oocyte donation is morally sensitive. We, nevertheless, consider it to be morally acceptable, provided the risks are minimal, the donor is sufficiently informed about the risks and discomforts, and voluntariness is safeguarded. 20, 21 In most countries creating embryos specifically for research is both legally prohibited and morally rejected, particularly because of the contested moral status of the embryo. Many would only accept the creation of embryos in the context of a parental project. But what would be wrong with creating embryos in the context of preparing for a possible parental project? The final goal would be to enable couples at risk to conceive healthy children. Although those first embryos will not be used directly for a pregnancy, subsequent embryos will be used, provided the results are encouraging. Although in some cases an extra step is necessary, the ultimate goal remains the conception of children. It cannot be maintained that this is morally very different from the current IVF practice, with its implied acceptance of creating and discarding surplus embryos. 22 Once one accepts the creation and killing of embryos to benefit infertile people with a child-wish, it seems questionable to argue that the creation and killing of embryos for research (which eventually may benefit ill people) is condemnable.
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Clinical route Another way of obtaining more evidence for embryo representativity could be at the beginning of a clinical application of IVF/PGD. Two approaches are conceivable. A first approach may be to start an IVF-cycle and to examine two cells of each embryo available (usually 10 -12 embryos are available). This may sufficiently prove whether there is a uniform distribution of mutant mtDNA in all blastomeres. If there would be a problem with an uneven segregation, that is, large differences in mutant load, this would probably become clear (although this cannot be stated with certainty, as there will always be a limited number of samples). However, two-cell biopsy is controversial, as current data indicate that it may impede success rates. 25 -27 Cohen et al argue that 'this (two-cell biopsy) approach should be reserved for cases in which diagnostic accuracy is considered paramount, more important than embryo implantation'. 25 With regard to the mtDNA mutations, diagnostic accuracy actually is more important than implantation. A two-cell biopsy therefore would be justifiable, at least in the first applications: if the mutant load can be reliably determined, one can return to single cell biopsy, and if this is not the case, one should stop offering PGD. A second approach would be to test a single cell of each embryo. Subsequently, all remaining blastomeres of those embryos with a high mutant load are analyzed within 24 h (to be able to use this information before implantation). If it turns out that the mutant load for all tested embryos is similar in all blastomeres, this indicates that one blastomere represents the genetic composition of the embryo as a whole. This second approach may be conducted to avoid a two-cell biopsy. It can also be used to determine whether one or two blastomeres should be used for the second cycle.
Both preclinical and clinical investigation may thus indicate whether PGD is reliable. What would be the best approach? If the 'clinical' route indeed provides sufficient evidence, then this route is preferable over the preclinical route. After all, the most important goal -assuring that the genetic test is reliable -can be met and a pregnancy would still be within the possibilities. This fits both the interests of the woman (that is, a healthy pregnancy) and the principle of proportionality (that is, the risks, costs and burdens of a procedure balanced against the expected outcome). As the clinical route is likely to consume fewer embryos than the preclinical one, the clinical route is also preferable from an embryo-saving perspective.
Determination of cutoff points
A cutoff point is the threshold of mutant load above which no embryos are considered for transfer. If only embryos above the threshold are found, further options are limited to either trying again by starting a new IVF/PGD cycle or deciding to stop trying PGD. It is important to stress that a cutoff point figures as the lower limit. It points out what amount of risk is still considered acceptable. Searching for embryos with a lower mutant load is not morally neutral. When opportunities exist to improve the outcome, that is what one should aim at -taking into account other morally relevant aspects as well. This implies that for every clinical application of PGD for mtDNA disorders, it is not only important to be sure that helping this specific couple would be justifiable in view of the reasonable welfare standard, but also to consider to what extent it would be possible, desirable and proportional to try to further reduce the health risks by adapting procedures or trying another cycle. Of course, these are questions both for the medical team and the couple.
For all mtDNA mutations, health risks could be reduced substantially by determining a low cutoff point. However, the lower the cutoff points are fixed, the more embryos are discarded, and thus, the lower the 'take home baby rate'. On the other hand, the higher the cutoff points are fixed, the more embryos will probably be available. The price to be paid is an increased risk that the welfare of the child will be compromised. In the process of determining the appropriate cutoff point, both the proportionality and the welfare of the child need to be assessed. After all, the risks and burdens (material and immaterial) of IVF and PGD must stand in a reasonable proportion to the desired aim, which is the conception of a (healthy) child.
What, then, are the appropriate cutoff points? For the 8993 mutations (category I), levels of mutant load below 50% seem compatible with a healthy phenotype. 10, 11, 28 A gray zone exists between 50 and 80%. Whether the reasonable welfare standard also allows embryos in the gray zone to be transferred is debatable and also depends on the specific mutation. The more the mutant load is heading towards the 80%, the higher the probability of (severe) NARP or Leigh symptoms. Nevertheless, a cutoff point of 80% may be justifiable as well, bearing in mind that a cutoff point is the absolute lower limit. This implies that if one takes a cutoff point of 80%, physicians and parents should consider to make efforts to search for embryos with a lower mutant load.
For the m.3243A4G mutation (category II), the threshold to disease expression is not exactly known and can vary among individuals, which makes determining the cutoff point an intricate enterprise. As a mutant load below 15% does not seem to result in a severe phenotype, it seems in accordance with the reasonable welfare standard to determine the cutoff point for the m.3243A4G mutation at 15%. 16, 29 Although also here a certain margin exists, embryos carrying 15% mutant load probably do not run a high risk of serious harm. Characteristic for the group of private mtDNA mutations (category III) is that they are only found incidentally, in only a few families or even a single one, and that therefore insufficient information is available to judge if these mutations allow sufficiently reliable predictions. If more information about a specific mutation would be available, then that mutation would not fit this category any longer (it would shift to category I or II). PGD for any point mutation may be offered as long as mutant-free embryos are available and can be reliably identified for transfer. The problem of transferring embryos with some mutant load is that it is difficult to determine a cutoff point for each private mutation because of the lack of data. For some private mutations, a cutoff point may be derived through extrapolation of what is known about other mutations, as for example has been done for the T9176C mutation. 30 Another option is to determine the biochemical cutoff point in a cell line system (cybrids). The rationale is that clinical manifestations are unlikely to occur if the mutation load does not lead to an enzyme deficiency. Nevertheless, as this is rather speculative, we will restrict ourselves here to category I and II, the 8993 and m.3243A4G mutations (which raises similar ethical questions as the private mutations).
The proposed cutoff points above should be regarded as provisional. They should be adjusted when more experience exists with PGD for mtDNA mutations, or when more is known about the threshold to disease expression (and for some mutations complete clarity may never be obtained because of the clinical variability and the possible changes in mutant load).
Taking more risks?
It is conceivable that a couple does not agree with the proposed cutoff point (which may already become clear in the pre-test counseling or during the procedure). Although the initial aim of a couple may have been to look for an embryo below the cutoff point, no suitable embryos may become available during the IVF/PGD procedure. It is conceivable that couples with a very strong wish for a child are satisfied with the transfer of an embryo with a mutant load above the determined cutoff point. This may be especially the case for couples depending on IVF anyway because of fertility problems (which broadly speaking concerns 50% of PGD users 31 ). Is it acceptable, then, to follow their wish? A (slightly) flexible use of the cutoff points may be defended on grounds of two considerations. The first consideration is whether the acceptability of taking more risk depends on the number of cycles already carried out. One can imagine that a couple would be more inclined to ask for the transfer of embryos with (some) mutant load in a third or fourth cycle than when they just have started IVF/PGD. Although it is a request easily sympathized with, adhering to the reasonable welfare standard implies that a high risk of serious harm for the resulting child should be avoided in any case. The transfer of an embryo with a mutant load that is likely to cause a severe phenotype is morally unjustified. The second consideration is that some arbitrariness regarding the cutoff values cannot be avoided and that the safety margin taken can be debated, especially for couples in whose family the mutation seems to show a mild phenotype (eg, diabetes mellitus in case of the m.3243A4G mutation). How far do you need to be on the safe side? Which arguments are valid to adjust the cutoff point? Any sensible argument either directed on the percentage as such, the clinical interpretation or the safety margin should be discussed on a case-by-case basis by the health care professionals involved in PGD.
There may also be couples who want to take less risk or no risk at all. They, for example, only regard mutant-free embryos as eligible for transfer. This will be examined below, when we discuss the number of cycles.
Another situation that may occur is that a choice has to be made between a low mutant load embryo that is morphologically of lesser quality and a higher mutant load embryo that is morphologically of better quality. Here, one has to maneuver between the futility of transferring an embryo of very poor morphology on the one hand and not exceeding the cutoff point on the other hand.
Number of cycles
Chances of eliminating (or at least minimizing) health risks may increase with the number of embryos. The more embryos available, the higher the chances of obtaining embryos with zero or low(er) mutant load. The number of embryos can be increased in two ways. The first involves a stronger ovarian stimulation. This could provide more oocytes and thus more embryos. Whether it is acceptable to offer a more aggressive hormone treatment to obtain more embryos has already been a point of debate with regard to PGD for translocations. 32 It is quite contrary to the current tendency to mild ovarian stimulation. 33 Nevertheless, it should not be completely ruled out, especially when the woman belongs to a low-risk group for developing ovarian hyperstimulation syndrome. A second way to obtain more embryos is by conducting more cycles. Suppose that IVF/PGD for the m.3243A4G mutation results in one embryo with a mutant load of 12%. Or, when PGD is carried out for one of the 8993 mutations, an embryo with 70% mutant load is available (being in the so-called gray zone). Is it morally justified to transfer these embryos? Or should the medical team propose to start a new cycle to find a 'better' embryo?
Should one start a new cycle?
In other applications of PGD, the medical team will not propose a new cycle if suitable embryos are at hand. So why would they do so here? Although one should, other things being equal, strive to minimize risks, this should also be weighed against the implications. In view of the (physical, emotional and financial) burdens of both IVF and PGD (both for the couple and for society), it can be questioned whether conducting a new cycle is justified. Many couples experience an IVF/PGD cycle as extremely stressful. 34 Furthermore, cryopreservation of biopsied embryos is not very successful, at least not at this moment (eg, Magli MC et al 35 and Parriego M et al 36 ) . The chance exists that only embryos in worse condition are obtained when one starts a second or third IVF/PGD cycle. The overall result then would be that suitable embryos were available in an earlier round but that these cannot be used anymore because they did not survive thawing. To start a new round when a suitable embryo is available is thus quite a gamble. So is this still proportional? A reply to this may be that the proposed cutoff points are debatable at the state of knowledge. One cannot say with certainty that an embryo in the gray zone (8993 mutations) or an embryo with, for example, 12% mutant load (m.3243A4G mutation) will result in an unaffected child. One could therefore prefer to obtain embryos with the lowest possible mutant load as long as this application of PGD is still novel and experimental. Starting a new cycle therefore is morally acceptable.
Moreover, it is shown for at least a few families that obtaining embryos without mutant load is realistic. 6 One could therefore argue that if one chooses to use a risky technology and a possibility exists to considerably reduce the risks, then physicians and the couple should at least consider to do so. One could in this light even consider to preferentially transfer male embryos to reduce the risk of transmission to next generations. In view of our discussion above, we now may delineate a rough framework about when (not) to start another IVF/PGD cycle and which embryo(s) to transfer (we accept the general consensus regarding the transfer of one, maximally two embryos). Although it seems best in theory to look for 'the best possible embryo', in practice this may be no sinecure. The lower limit in all cases is the avoidance of a high risk of serious harm for the child. More concrete, on the current state of knowledge we have proposed to use a cutoff point of 15% for the m.3243A4G MELAS mutation. For the 8993 NARP/Leigh mutations, we have proposed to use a mutant load of 80% as the cutoff point. For many private mutations, it is impossible because of the lack of data to offer a well-founded cutoff point. For those mutations, PGD can be offered but only embryos with zero-mutant load seem eligible for transfer. Although it is morally acceptable that a couple and the medical team confer about whether or not to start a new cycle, looking for better embryos should not be seen as morally required if an embryo below the cutoff point is available. The precise number of cycles is something that should be determined on a case-by-case base, also depending on the specific mutation, the wishes of a couple, their individual chances of success, the number of effective transfers and the number of cycles allowed and reimbursed in a country.
Scientific research after IVF/PGD
After the IVF/PGD procedure, not all uncertainties surrounding PGD for mtDNA mutations will be resolved. This will particularly be the case for the unstable mutations with an unpredictable outcome (that is, category II, such as the m.3243A4G mutation). Residual uncertainties mainly regard whether the mutant load has changed in time and whether there is a uniform distribution of mutant mtDNA in all blastomeres. Various types of post-procedure scientific research may contribute to the further clarification of these uncertainties.
The first type of scientific research concerns analysis of the embryos that will not be transferred. Probably, the most interesting aim of this research is to check the segregation of mutant load between the blastomeres. To the extent that this would provide an extra safety check relevant for further applications, this type of research is recommendable. It is desirable that the medical team asks the parents to donate their affected embryos for scientific research (as is standard procedure in other applications of PGD).
Another option to check for reliability of the PGD test regards prenatal diagnosis (PND), using CVS or amniocentesis during the pregnancy. However, as we cannot do justice to the complex issue of PND for mtDNA disorders within the scope of this paper, and as debate is possible about the added value of PND for mtDNA disorders, we will not further discuss this option. Further interdisciplinary debate on whether (and if so, under what conditions) PND should be offered after PGD is desirable.
Testing children
We will focus on a third type of scientific research, that is, the genetic testing of the children born as a result of IVF/PGD for an mtDNA mutation. The main goal would be to validate the PGD procedure by ascertaining that the genetic diagnosis made at the embryonic stage is a reliable predictor of the health of the resulting child. Clearly, periodic clinical examinations could also add to this aim, but only after years and not as clearly as a genetic test could do. The danger is that PGD for mtDNA mutations would be introduced into the clinic and would turn out to be unreliable only after years (when the first children develop disease symptoms). The added value of a genetic test is that it could make clear immediately whether the percentage of the mutation is constant from the embryonic stage throughout pregnancy until birth and thereafter. If not, a reliable prediction cannot be made. One should then either re-assess the criteria for embryo selection or refrain from a next application of PGD. Therefore, the importance of the knowledge possibly generated by genetic testing seems beyond question, but several ethical issues need to be scrutinized before one considers testing a newborn.
If the newborn will be genetically tested, three scenarios are possible. In a first scenario, the postnatal test confirms the genetic diagnosis obtained in the embryonic phase. This suggests that PGD is reliable. In a second scenario, the mutant load has decreased. Although this is favorable for the child, strong doubts will arise regarding the reliability of PGD. In a third scenario, the postnatal test shows a (considerably) higher mutant load. Not only strong doubts will arise regarding the reliability of PGD, this also results in adverse predictive information about the future health of the (possibly asymptomatic) child. Generally speaking, predictive genetic testing of minors is only considered ethically acceptable provided that it is to the medical benefit of the child. In our case, the child undergoing follow-up would probably not medically benefit from testing, although lack of clarity regarding the therapeutic value of early detection exists. Some may argue that lack of cure does not equate lack of treatment. 37 Regular check-ups and some preventive health measures may be beneficial for the child. Others may reply that this is often also done just 'to do something'. Furthermore, although some argue that children may psychosocially benefit from knowledge about their genetic status, 38,39 the majority still view that children should not be tested for untreatable late onset disorders (see Bredenoord AL et al 2 ). If we assume that follow-up studies are to be classified as non-therapeutic medical research with incompetent participants, what, then, about the ethics? A research procedure which is not intended directly to benefit the participating child is not necessarily unethical as long as it meets the following requirements. 40 -42 Firstly, a preliminary requirement is that the research satisfies the material and procedural requirements for scientifically and ethically sound medical research. This requirement constitutes an additional argument to embed -if feasible -the first applications of PGD for mtDNA mutations in a scientific research protocol. Secondly, 'these individuals (incompetent research subjects) must not be included in a research study that has no likelihood of benefit for them unless it is intended to promote the health of the population represented by the potential subject' (WMA, 2008 art 27). The results of the intended research should mainly benefit the group of patients to which the participant belongs. Whether this requirement can be met depends on the interpretation of 'the population represented'. If this phrase should be understood as referring here (more broadly) to regards all the people carrying mtDNA mutations, then this requirement can be met. After all, the development of reliable preimplantation testing will benefit those carrying mtDNA mutations by giving them reproductive options. Therefore, it promotes their reproductive health. Furthermore, the increased knowledge of mtDNA genetics may eventually contribute to the development of treatment as well, but this is highly speculative. If, however, 'the population represented' only includes minors carrying an mtDNA mutation, then it is questionable whether this requirement is met. Thirdly, 'the research cannot instead be performed with competent persons' (WMA, 2008 art 27) . This is the case, as the research can only be conducted on children born after PGD and/or PND for an mtDNA disorder. To wait until the child has reached adulthood is not a real alternative. Fourthly, the health and safety risks and the burdens for the research participant should be 'minimal'. Whether the follow-up studies can meet this last requirement depends on different variables in the research design. A first factor is which tissue needs to be tested. If the use of existing material (eg, hair, urine and cord blood) could do the job of detecting the mtDNA mutation, 43 then a muscle biopsy would be unnecessary and unjustified. A second factor is the timing of testing: is it sufficient to collect the material directly after birth, or are parents asked to come back later? Related to this is a third factor, namely the frequency of testing. A fourth factor is whether the test results will be disclosed to the parents. This latter issue is complex. As the data are easily retraceable to the child in question, anonymity is not possible. In theory, three options therefore remain: (1) to refrain from genetic testing, (2) genetic testing with disclosure to the parents and (3) genetic testing with non-disclosure (that is, withholding the test results from the parents). In practice, the feasibility of withholding test results from the parents is questionable. Therefore, the dilemma is as following. If one refrains from genetic testing, the reliability of PGD cannot be ascertained (or only after years). If one discloses the test results, the predictive genetic information could (psychosocially) harm the child. But, if feasible at all, when one withholds the test results, parents are not able to use the information for possible extension of their family. If it turns out that the PGD procedure did not prevent the birth of a child with a high mutant load, this may guide them and others in future reproductive decisions. If, to the contrary, the child indeed carries no or a low mutant load, they and future users may gain reproductive confidence.
The main ethical assessment to be made, then, is whether disclosure of the knowledge generated by the test results violates the fourth criterion that states that only minimal risk and burden is acceptable. If the child turns out to have a (much) higher mutant load than expected, this may burden the child in a double sense. Firstly, the child grows up with knowledge about its adverse health prospects. How much weight we should give to this knowledge also depends on the expected seriousness of the disease, the age of onset and the chance that symptoms will develop. As only embryos with low mutant load will be transferred, it might be a reasonable guess to estimate the chance that the child will develop severe disease symptoms as fairly low. The problem is that this cannot be stated with certainty and that this is precisely the information that the research aims to clarify. A mitigating factor may be that the genotype of the child is already known, albeit in the embryonic phase (and perhaps also in the fetal phase, if a PND has been carried out). The child is born as a result of PGD: it will know about the presence of an mtDNA mutation in the family anyway, also when it is not tested. The second drawback of disclosure may be that a thus far symptom-free child is heading towards a life of hospital visits, check-ups and so on, although no real treatment is available (but the child may have periodic clinical examinations anyway). As we explained above, opinions will differ on how much weight we should ascribe to these drawbacks.
Involving children in this type of research is morally complex. A tension exists between the need to ensure that PGD is safe, effective and reliable and the need to protect the participating children (eg, Wendler D and Varma S 44 ). This tension also exists in pediatric drug research. The importance of clinical trials with children versus the acceptability of exposing children to risk has been a topic of increased debate. The question is whether these requirements can be reconciled, or whether the minimal harm standard needs adjustment (eg, Wendler D and Varma S 44 and Caldwell PHY 45 ). In our case, the risks involve psychosocial harm as a result of knowledge about an unexpected high mutant load. We estimate the probability that the child will experience such harm to be small, but real. It is questionable whether these risks satisfy a strict interpretation of the minimal harm standard. If a more flexible interpretation of the minimal harm standard is considered to be acceptable (in the United States, for example, one accepts a minor increase over minimal risk 40 ), and if the requirement that this research is necessary to promote the health of the population represented is interpreted flexibly, then these follow-up studies may be ethically justifiable. Even more so because the child will know about the genetic risk in the family anyway.
Although being aware of the many ethical pitfalls, we are inclined to recommend conducting follow-up studies in the context of mtDNA disease. In close deliberation with the parents one could decide whether and how to disclose the test results. Clearly, this complex topic needs further interdisciplinary debate. This debate should regard both the minimal harm standard, the interpretation of the 'population represented' and the acceptability of predictive genetic testing of children.
Informed consent
Obtaining an adequate informed consent is one of the most important moral requirements. What constitutes an 'adequate' informed consent in our discussion? What should be the ingredients to be discussed during the counseling process? Table 1 lists the issues that the counselor should bring up for discussion with the prospective parents.
Obviously, guiding the couple to make a truly wellinformed decision requires both time and professional counseling skills. In the end, much hinges on a transparent communication between prospective parents and the medical team.
Table 1 Information required to support informed consent

Scientific research
Ensure that the couple is aware that PGD for mtDNA mutations is not regular practice but experimental (in case PGD is embedded in scientific research).
Residual risks
Discuss with the couple that PGD may only reduce reproductive risk; they are sufficiently aware that residual health risks may be unavoidable. Consider to what extent it is possible, desirable and proportional to try to further reduce the health risks.
Moral minimum: avoid a high risk of serious harm
Alternatives
Discuss possible alternatives such as PND, oocyte donation and adoption. The couple has weighed the pros and cons of these strategies.
Feasibility
Bring up the possibility (and pros and cons) of oocyte sampling to check the feasibility of PGD.
Reliability
Ensure that the genetic test result is sufficiently representative. This is to be clarified before the IVF/PGD procedure will be carried out further. Ensure that the couple is aware that the IVF/PGD procedure will only be continued when the mutation load can be reliably detected and is representative.
Cutoff point
Discuss the determined cutoff point. Discuss whether priority should be given to embryos of good morphology or embryos with a lower mutant load.
Number of cycles
Discuss and determine the maximum number of cycles.
Scientific research after IVF/PGD
Insist on the possibility to donate affected embryos for scientific research. Discuss the possibility of regular clinical examination. Discuss with the couple the importance and pitfalls of conducting a genetic test after birth; if they decide to enroll, they should have made a decision about whether or not to disclose the test results (and be aware of the possible implications).
Conclusion
When considering PGD for an mtDNA mutation, PGD may only contribute to a reduction of reproductive risk. Although morally acceptable, 2 both the couple and the medical team should carefully look for possibilities to minimize the risks and harms as much as possible. In this paper, we offered the points to consider when applying PGD for mtDNA mutations in clinical practice. We have discussed the questions that may arise in clinical practice on the basis of three categories of mtDNA mutations, but this framework of course also applies for other heteroplasmic mtDNA mutations. Although far from ideal and with considerable drawbacks, we think that PGD may be a valuable reproductive option for couples at risk of transmitting an mtDNA mutation to their offspring.
